We present the rest-frame optical spectroscopic properties of 60 faint (R AB ∼ 27; L ∼ 0.1L * ) Lyα-selected galaxies (LAEs) at z ≈ 2.56. These LAEs also have rest-UV spectra of their Lyα emission line morphologies, which trace the effects of interstellar and circumgalactic gas on the escape of Lyα photons. We find that the LAEs have diverse rest-optical spectra, but their average spectroscopic properties are broadly consistent with the extreme low-metallicity end of the populations of continuumselected galaxies selected at z ≈ 2 − 3. In particular, the LAEs have extremely high [O III] 4 K), low oxygen abundances (12 + log(O/H) ≈ 8.04, Z neb ≈ 0.22Z ), and high excitations with respect to their more luminous continuum-selected analogs. Several of our faintest LAEs have line ratios consistent with even lower metallicities, including six with 12 + log(O/H) ≈ 6.9−7.4 (Z neb ≈ 0.02 − 0.05Z ). We interpret these observations in light of new models of stellar evolution (including binary interactions) that have been shown to produce long-lived populations of hot, massive stars at low metallicities. We find that strong, hard ionizing continua are required to reproduce our observed line ratios, suggesting that faint galaxies are efficient producers of ionizing photons and important analogs of reionizationera galaxies. Furthermore, we investigate the physical trends accompanying Lyα emission across the largest current sample of combined Lyα and rest-optical galaxy spectroscopy, including both the 60 KBSS-Lyα LAEs and 368 more luminous galaxies at similar redshifts. We find that the net Lyα emissivity (parameterized by the Lyα equivalent width) is strongly correlated with nebular excitation and ionization properties and weakly correlated with dust attenuation, suggesting that metallicity plays a strong role in determining the observed properties of these galaxies by modulating their stellar spectra, nebular excitation, and dust content.
INTRODUCTION
The optical emission lines of galaxies can provide a wealth of information regarding the properties of young stars and the regions in which they form. The historical accessibility of optical wavelengths has enabled large spectroscopic surveys to measure these lines in local starforming regions and thereby identify and calibrate their relationships with the physical properties of galaxies. These properties include star-formation rates, elemental abundances, gas temperatures and densities, ionization states, and the nature of sources of ionizing radiation within galaxies and gaseous clouds. In particular, the Baldwin et al. (1981) line ratios (including the N2-BPT ratios [N II]/Hα and [O III]/Hβ) are frequently used to discriminate between ionization by star formation and/or active galactic nuclei (AGN), and these same line ratios provide a measure of gas-phase metallicity among starforming galaxies (Dopita et al. 2000) .
At z 1, however, these well-studied transitions shift into infrared bands, where efficient, multiplexed spectrocopic survey instruments have only recently become available (e.g., Keck/MOSFIRE [McLean et al. 2012] ; VLT/KMOS [Sharples et al. 2013] ). In the last few years, these spectrometers have enabled the collection of the first statistical samples of galaxies at z ≈ 2 − 3 with restoptical spectra, in particular through the Keck Baryonic Structure Survey (KBSS; Steidel et al. 2014; Strom et al. 2016 ) and the MOSFIRE Deep Evolution Field survey (MOSDEF; Kriek et al. 2015) .
One of the earliest results of these new surveys has been that the nebular emission line ratios of high-redshift galaxies occupy a distinct locus in the N2-BPT param-eter space with respect to typical low-redshift galaxies (e.g., from the Sloan Digital Sky Survey; SDSS). Earlier limited rest-optical spectroscopy had hinted at this trend (Shapley et al. 2005; Erb et al. 2006; Liu et al. 2008; Brinchmann et al. 2008) (Steidel et al. 2014 Shapley et al. 2015; Sanders et al. 2015; Strom et al. 2016) .
While this trend has been firmly established for LBGs, its physical origins remain under debate. Several studies have suggested that this "BPT offset" may be explained by high N/O ratios at z ≈ 2 − 3 (Masters et al. 2014 (Masters et al. , 2016 Sanders et al. 2015) , which would produce a shift toward high [N II]/Hα. However, Strom et al. (2016) present detailed rest-optical spectroscopy of ∼250 LBGs over a wide range of stellar masses and star-formation rates (SFRs), finding behavior consistent with the lowredshift N/O vs. O/H relation. Rather, Strom et al. (2016) (along with Steidel et al. 2014 Steidel et al. , 2016 suggest that the N2-BPT offset corresponds primarily to a change in the excitation state of nebular gas, which can be explained by the presence of stars with hotter, harder spectra than typical of stars in the local Universe.
At the same time, new studies of massive stars have indicated that the rotation and binarity of stars play important roles in shaping their evolution and emission (e.g., Eldridge & Stanway 2009; Brott et al. 2011; Levesque et al. 2012) . These effects can cause stars to exhibit longer lifetimes and higher-temperature spectral shapes than their single or slowly-rotating counterparts. Furthermore, these effects may naturally be more pronounced at high redshifts, where low photospheric metallicities produce weaker winds and less associated loss of angular momentum. Similarly, lower-metallicity stars produce harder spectra regardless of their rotation rate, and metallicity may influence stellar binarity through the cooling and fragmentation of star-forming clouds.
In light of these trends, Steidel et al. (2016) used extremely deep composite LBG spectra in the rest-UV and rest-optical to measure a suite of emission lines and their ratios, finding that stellar spectra from the Binary Population and Spectral Synthesis (BPASSv2; Stanway et al. 2016 ) models are able to reproduce the full set of measured values. Conversely, the softer spectra of single-star models, including nonbinary BPASSv2 models and those from the Starburst99 model suite , do not fulfill these constraints irrespective of the assumed N/O ratio.
In addition to these observational constraints, model spectra similar to those produced by binary evolution models are preferred by other observations as well as theoretical grounds. Most obvious is that approximately 70% of local massive stars are expected to experience mass transfer in binary systems (e.g., Sana et al. 2012) , so single star models are unlikely to provide an accurate description of their evolution. Secondly, simulations of ionizing photon production have extreme difficulty generating the large escape fractions needed to reionize the Universe, in part because the stars remain buried in their optically thick birth clouds for longer than the 3 Myr lifetimes expected for strong sources of ionizing photons in typical stellar models (e.g., Ma et al. 2015) . Models that maintain populations of hot, luminous stars for 3−10 Myr (including the aformentioned binary models) continue to produce ionizing photons after their birth clouds have been cleared away by stellar feedback, which allows the photons to escape to large radii. Ma et al. (2016) demonstrate that simulations from the Feedback In Realistic Environments (FIRE; Hopkins et al. 2014) project that include the BPASSv2 stellar models are able to reproduce the high escape fractions of ionizing photons required by other constraints on reionization (e.g., Robertson et al. 2015) . Modeling the epoch of reionization (EoR) therefore requires further understanding of the stellar populations of these galaxies.
The specific galaxies that dominated the EoR, however, were less luminous and less mature than those selected as LBGs at z ≈ 2 − 3. One method of identifying galaxies with properties more analgous to the EoR population is by selecting on the basis of Lyα line emission. As this technique does not require a detection in the stellar continuum, it naturally selects fainter, younger, and lower-mass galaxies than typical samples of LBGs (e.g., Gawiser et al. 2006) . We have also shown through the KBSS-Lyα survey (Trainor et al. 2015 ) that these Lyα-emitting galaxies (LAEs) have lower covering fractions of interstellar and/or circumgalactic gas, which allows a higher fraction of their UV photons to escape. Furthermore, there is evidence from radiative-transfer simulations that the physical conditions which facilitate Lyα emission are also conducive to ionizing photon escape (Dijkstra et al. 2016 , but cf. Yajima et al. 2014 .
LAEs comprise an increasing proportion of galaxies as redshift increases up to the EoR at z ≈ 6 (e.g., Stark et al. 2010 Stark et al. , 2011 , above which the fraction drops due to Lyα absorption and scattering by the neutral intergalatic medium (Pentericci et al. 2011; Schenker et al. 2012; Ono et al. 2012) . However, the intrinsic Lyα emissivity of galaxies (divorced from their intergalactic and circumgalactic attenuation) likely continues to increase toward the earliest cosmic times, given the trends of Lyα equivalent width with galaxy luminosity and UV spectral slope (e.g., Schenker et al. 2014) . For all of these reasons, LAEs at z ≈ 2−3 are an ideal laboratory for probing the physical properties of star-formation in EoR analogs.
In addition, Strom et al. (2016) find that the highredshift LBGs most offset from the SDSS N2-BPT locus are those with below-average masses and high specific star formation rates, indicating that low-mass LAEs provide key probes of the changing nebular conditions and stellar populations at high redshifts as well. Some previous studies of Lyα-emitting galaxies have affirmed this interpretation: McLinden et al. (2011) Song et al. (2014) present a sample of 16 LAEs, including 10 with rest-frame optical spectroscopy, which show similarly extreme line ratios consistent with low gas-phase and stellar metallicities. However, the relatively small sample sizes of these studies have made it difficult to establish the average properties of high-redshift LAEs.
Furthermore, the LAEs in these studies have luminosities similar to those of typical LBG samples (∼10× that of the KBSS-Lyα LAEs), which eliminates many of the advantages of continuum-faint LAEs for selecting EoR analogs.
Galaxy selections based on emission lines other than Lyα have also yielded similar populations. Hagen et al. (2016) find that optical-emission-line-selected galaxies exhibit a wide range of properties consistent with LAEs (although cf. Oteo et al. 2015 , who find that Hα-selected galaxies are more massive and redder than LAEs). Maseda et al. (2014) present 22 Extreme EmissionLine Galaxies (EELGs) selected by Hα or [O III] emission in grism spectroscopy, which show high excitations (log([O III]/Hβ) ≈ 0.7) and low metallicities (Z neb = 0.05 − 0.3Z ). Masters et al. (2014) present a similar grism-selected sample of 26 galaxies with a comparable N2-BPT offset to the LBG samples discussed above. Both of these EELG samples lie at slightly lower redshifts (z ≈ 1.3 − 2.3) than the KBSS, KBSS-Lyα, and MOSDEF galaxies. The EELGs also have atypically high specific star-formation rates (sSFR), with stellar and dynamical masses similar or slightly higher than those of KBSS-Lyα LAEs (M dyn ∼ 10 9 M ) and SFRs 3−10× higher, similar to typical LBGs (SFR ∼ 30 M yr −1 ). Most of these EELGs also do not have Lyα measurements (being observationally difficult at z 2), which prohibits the comparison of nebular properties with Lyα production and escape. This paper, therefore, has two primary objectives: 1) to extend our understanding of the nebular properties of galaxies toward low stellar masses and faint luminosities by measuring the rest-frame optical spectra of typical LAEs; and 2) to determine how the Lyα emissivities of galaxies are related to the physical properties of their stellar populations and star-forming regions. Toward this aim, we present deep nebular emission line spectra of 60 LAEs from the KBSS-Lyα sample presented in Trainor et al. (2015) , as well as a comparison sample of 368 LBG spectra from the KBSS (Steidel et al. 2014; Strom et al. 2016) , and rest-UV spectra covering the Lyα transition of each galaxy.
In Sec. 2, we describe the rest-optical LAE spectra presented in this paper, as well as the LBG spectra and rest-UV LAE spectra originally presented in previous work. Sec. 3 describes our emission line measurements from the individual object spectra and the creation and fitting of composite LAE spectra. In Sec. 4, we present diagnostic line ratios including the N2-BPT diagram in order to compare the nebular LAE properties to those of the LBG sample. In Sec. 5, we discuss the variation of Lyα equivalent width across the combined sample of LAEs and LBGs to infer the relationship between Lyα emission (and absorption) and physical galaxy properties including dust content and nebular excitation. Sec. 6 includes our photoionization modeling of the rest-optical line ratios and the resulting constraints on the properties of the gas and stellar populations (including binary star models) in the LAE star-forming regions. Finally, we provide additional physical interpretation of our results in comparison with previous work in Sec. 7 and a summary and conclusions in Sec. 8. Because the majority of our observed properties are line ratios, our results have little dependence on the assumed cosmology, but we assume a ΛCDM universe with (Ω m , Ω Λ , H 0 ) = (0.3, 0.7, 70 km s −1 Mpc −1 ) when necessary.
OBSERVATIONS
2.1. LAE sample LAEs were selected from the KBSS-Lyα (Trainor et al. 2015 ; hereafter T15) sample of LAEs. The KBSS-Lyα is a survey for Lyα-emitting objects in the Keck Baryonic Structure Survey (KBSS; Rudie et al. 2012; Steidel et al. 2014; Strom et al. 2016) fields, which are centered on hyperluminous QSOs at z ∼ 2 − 3. The spectroscopic properties of the KBSS-Lyα LAE sample are described in detail in T15 and Trainor & Steidel (2013) , and the full photometric parent sample of objects will be described in an upcoming paper (R. Trainor et al., in prep.) . Briefly, the LAEs are selected via imaging in narrowband filters selecting Lyα emission near the redshift of the QSO in each KBSS field. These narrowband images are combined with deep continuum images to isolate objects with strong Lyα emission, typically defined as a rest-frame photometric equivalent width W Lyα > 20Å.
3
The selected objects have a limiting narrowband magnitude m NB,AB = 26.5, corresponding to an integrated Lyα line flux F Lyα > 10 −17 erg s −1 cm −2 for a continuumfree source, or F Lyα 6 × 10 −18 erg s −1 cm −2 for a typical LAE with W Lyα ≈ 40Å. The LAEs have typical continuum magnitudes R AB (6930Å) ≈ 27, corresponding to L ∼ 0.1L * at z ∼ 2.6 from the luminosity functions of Reddy et al. (2008) . As discussed in T15, the primary contaminants to the sample (as estimated by rest-UV spectroscopy of the putative Lyα line and surrounding wavelengths) are low-redshift [O II] emitters or intermediate-redshift AGN with high equivalent width C IV λλ1549,1551 or He II λ1640 line emission, and the estimated contamination rate of the photometric sample is 3%. Given that all the LAEs and LBGs presented in this paper have multiple spectroscopic line detections, we expect that there are no such contaminants in this sample.
The properties of the individual LAEs presented in this paper are summarized in Table 1 . The majority of the LAEs lie in the Q2343 field (z QSO = 2.573) of T15, with the remainder selected from a new field (Q1603) centered on the hyperluminous QSO HS1603+3820 (z QSO = 2.551). Because this QSO lies at a very similar redshift to the Q2343 QSO, the Q1603 LAEs were selected with the same NB4325 filter used for the Q2343 field, as described in T15. Properties of HS1603+3820 and its surrounding field are presented in . This field has slightly shallower narrowband imaging (by ∼0.5 mag) than the other KBSS-Lyα fields, resulting in a limiting Lyα luminosity ∼60% higher, but the properties of the Q1603 LAEs appear to be otherwise consistent with the remainder of the KBSS-Lyα sample.
As discussed in T15, the KBSS-Lyα LAEs have typical dynamical masses M dyn ≈ 8 × 10 8 M , and our measurements of stacked LAE spectral energy distributions (SEDs; R. Trainor et al., in prep.) imply stellar masses M * ∼ 10 8 − 10 9 M .
2.2. Rest-optical spectroscopic observations Rest-frame optical spectra of the KBSS-Lyα LAEs were obtained using the Multi-Object Spectrometer For InfraRed Exploration (MOSFIRE; McLean et al. 2010 McLean et al. , 2012 on the Keck 1 telescope. Initial observations (including all of the K-band spectroscopy presented here) were obtained over the course of the KBSS-MOSFIRE survey (Steidel et al. 2014) . The data were reduced using the spectroscopic reduction pipeline provided by the instrument team, and the details of the observing strategies and reduction are described in Steidel et al. (2014) . All spectra were observed using 0. 7 slits, yielding R ≈ 3660 or σ inst ≈ 35 km s −1 . A total of 28 LAEs were detected in the K-band over the course of the KBSS-MOSFIRE observations, all in the Q2343 field (this sample was described in T15). As these LAEs are selected at z ≈ 2.56, the observed K-band spectra cover the range 5380Å λ rest 6730Å, which includes the Hα λ6564 line and the [N II] λλ6549,6585 doublet. Because these spectra were primarily obtained as secondary observations on KBSS-MOSFIRE masks, they have exposure times that vary significantly: our deepest K-band spectra have 4.9 hour integrations, while our shallowest have 1 hour integrations. The average exposure time is 2.7 hours, for a total of 83 object-hours of integration.
Limited H-band spectroscopy was also obtained during KBSS-MOSFIRE observations (12 LAEs, 36 objecthours of integration; T15). The majority of the H-band spectra presented here were obtained on 15-16 September 2015 in clear weather. These observations included 40 LAEs (7 of which had been previously observed) in the Q2343 field with a typical exposure time of 4 hours per object and a total of 173.4 object-hours of exposure. Another 8 LAEs in the Q1603 field have measurements of at least one nebular line from a single mask observed for 1 hour on 16 September 2015, producing a final sample of 55 LAEs with nebular line detections in the H-band and a total of 218.4 object-hours of integration.
At z ≈ 2.56, the MOSFIRE H-band covers 4100Å λ rest 5060Å. For both H-band and K-band spectra, slit corrections are estimated for each mask according to the procedure developed for KBSS-MOSFIRE . The majority of LAE spectra included here were observed on masks which include a bright star, for which the integrated stellar flux in each band is compared to the photometric magnitude to determine the flux correction for point sources on the mask. Given that the typical KBSS-Lyα LAEs are spatially unresolved, their slit losses are well-approximated by this factor. For masks observed without a calibration star, mask correction factors are estimated by comparing the relative fluxes of objects observed on several different masks. The optimal set of mask-specific correction factors are calculated via an MCMC procedure that adjusts each correction factor to achieve the maximum degree of internal consistency among all flux measurements of objects appearing on multiple masks (using the observations of calibration stars to set the overall normalization of slit corrections). When there are not enough data to reliably estimate the slit correction for a single object, we adopt a correction factor of 2, the median of those observed. Slit corrections for all the LAE spectra included in this sample range from 1.53 to 2.34.
Lyα spectroscopic observations
Rest-UV spectroscopy of the KBSS-Lyα LAEs and a comparison sample of KBSS LBGs is described in detail in T15. In Sec. 5, we use the same comparison sample of T15, but with the addition of LBGs displaying Lyα absorption (the T15 comparison sample was restricted to those spectra displaying detectable Lyα emission). Each of the LAE and LBG rest-UV spectra in the T15 sample were obtained with LRIS-B (Oke et al. 1995; Steidel et al. 2004 ) using the 600 lines/mm grism, yielding a resolution R ≈ 1300. In this paper, we also include KBSS LBG spectra observed with the LRIS 400 lines/mm grism (R ≈ 800). These spectra are described in detail in Steidel et al. (2010) . We limit our analysis to the set of 368 KBSS LBGs with both rest-UV spectra covering the Lyα line and rest-optical spectra covering several emission lines in the MOSFIRE H and K bands (described in detail in Sec. 5.1).
The Lyα emission or absorption profiles in the LAE and LBG spectra are identified using the line-detection algorithm described in T15, and spectroscopic Lyα equivalent widths (in emission or absorption) are calculated comparing the directly-integrated line profile to the local continuum level on the red side of the Lyα line (1222Å< λ rest < 1240Å). Unlike the detailed shape of the Lyα line, the integrated Lyα equivalent width is insensitive to the spectral resolution, which allows us to use the larger sample of low-resolution KBSS LBG rest-UV spectra.
As discussed in T15, the spectroscopic Lyα equivalent widths (W Lyα,spec ) measured for individual or stacked rest-UV spectra are not directly comparable to photometric Lyα equivalent width measurements (W Lyα,phot ) 
EMISSION LINE MEASUREMENTS
3.1. Individual object spectra Rest-frame optical spectra for individual LAEs were fit using the IDL program MOSPEC 4 Sky lines are masked in the fitting process using the error vector extracted by MOSPEC, and uncertainties are measured from the χ 2 -minimization for each of the free parameters in the fit (i.e., Hβ flux, combined [O III] λλ4960,5008 flux, velocity width, redshift, and continuum). The K-band spectra are fit similarly, with a simultaneous fit to the Hα and [N II] λλ6549,6585 emission lines, yielding the Hα flux, combined [N II] λλ6549,6585 flux (also constrained to a 1:3 ratio), redshift (z neb,K ), and velocity width (σ v,K ). For each LAE, the H-band and K-band line flux measurements are corrected by the mask-specific correction factor(s) of the spectra contributing to the line measurement. In total, -The distribution of star-formation rates for the 60 LAEs presented in this paper. Red histogram gives the distribution of measured Hα fluxes and dust-corrected Hα star-formation rates (SFR). The hatched histogram includes estimates for LAEs with no current K-band measurements; for these objects, the Hα flux is estimated from the measured Lyα flux and the median Lyα/Hα ratio among the objects with measured Hα fluxes. The Hα flux and SFR from the full LAE composite spectrum (Fig. 4) Table 2 ) range from −0.3 to −1.0.
Star-formation rates (SFRs) are calculated for the 28 LAEs with Hα measurements using the Kennicutt (1998) relation, as displayed in Fig. 1 . We apply a uniform dust-correction based on the average nebular reddening estimated in Sec. 4.4 (E(B − V ) = 0.06; Eq. 7) and a Cardelli et al. (1989) extinction curve, which produces a 15% increase in the estimated star-formation rates. For the LAEs without current Hα flux measurements, we estimate SFRs based on the narrowband Lyα flux, scaled by the median Lyα/Hα flux ratio from the objects with direct Hα measurements ( f Lyα /f Hα = 3.1). The distribution of Hα-and Lyα-derived SFRs are statistically indistiguishable, as shown in Fig. 1 . The median LAE Hα SFR = 5.3 M yr −1 , which is consistent with the value estimated from the composite K-band spectrum (5.7±1.4 M yr −1 ) and significantly lower than the Hα-derived SFRs typical of the KBSS LBG sample we consider here (median SFR = 27 M yr −1 ; Strom et al. 2016) . Fig. 2 (3σ). The low O3 ratios of these sources suggest that the faintest LAEs have either lower excitation states than typical galaxies at these redshifts or very low metallicities (Z neb < 0.1Z ). These objects are discussed in more detail in Sec. 6.3.
3.2.
Measurements from composite spectra 3.2.1. Creation of composite spectra
In addition to our measurements of emission lines from individual LAEs, we construct composite LAE spectra to obtain high-S/N measurements typical of the population of LAEs and various sub-populations.
The H-band composite spectra are constructed as follows. Before the individual spectra are combined, they are resampled to the same rest-frame wavelength scale of 0.45Å pix −1 (equivalent to MOSFIRE's native Hband pixel scale of 1.63Å pix −1 in the observed frame shifted to z ≈ 2.56) spanning the wavelengths 4200Å < λ rest < 5050Å. An exposure mask is created to isolate the spectral region that falls on the detector within the MOSFIRE H passband. In order to account for OH sky-line contamination, we resample the error vector output by the MOSFIRE reduction pipeline to the same wavelength scale as the science spectrum. The H-band error vector is extremely flat across the band between the sky lines, so we identify sky lines as those regions of the error spectrum that exceed twice the median error value. The exposure mask is then set to zero for these regions, such that contaminated pixels receive zero weight in the final stack. Typically, 19±1% of pixels in each spectrum are removed by this algorithm. In addition, some of our objects have particularly high background noise at λ rest 4400Å; this is especially evident for the Q1603 spectra, which have shorter exposure times and lie at lower redshifts (such that these rest wavelengths fall nearer to the blue edge of the MOSFIRE H band). We therefore set the exposure mask to zero in any regions of a given spectrum that lie at λ rest < 4400Å and have local noise properties >2× the median noise level of the other H-band spectra at the same rest-frame wavelengths.
Because the rest-optical continuum is not detected in any individual LAE spectrum, we do not scale the spectra by continuum magnitude before stacking. The final H composite spectrum for a given set of LAEs is then the mean of all their H-band spectra, scaled by their maskcorrection factors and weighted by their corresponding exposure masks (which reflect both the relative differences in exposure time per object and the removal of contaminated or unobserved regions of each spectrum). Our H-band spectra have very little difference in exposure times, so each LAE receives approximately equal weight in the final H-band composite. The composite spectrum of all 55 LAEs with H-band spectroscopy is given in Fig. 3 .
Our K-band composite spectrum is constructed in a similar manner: the individual object spectra are resampled to a constant pixel scale of 0.6Å pix −1 for 5400Å < λ rest < 6800Å (the native MOSFIRE K pixel scale is 2.17Å pix −1 in the observed frame). The K-band error spectrum has less sky-line contamination than the H band, but it also has a strong wavelength dependence at λ obs 2.1µm, where the uncertainty is dominated by thermal noise. In order to remove sky-line-contaminated regions of the spectra before combining, we construct a smoothed noise spectrum for each object using a 25-pixel boxcar kernel and median averaging within the kernel. This process produces a good approximation to the thermal noise profile with minimal contributions from sky lines. Pixels where the error spectrum is greater than 2.5× this local smoothed noise spectrum are then identified as sky-line-contaminated regions and do not contribute to the composite spectrum. Only 5±1% of pixels are removed from each K-band spectrum via this process. The composite spectrum of all 28 LAEs with K-band spectroscopy is given in Fig. 4 . We estimate uncertainties in the H and K composite spectra by means of a bootstrap procedure. For each sample of N obj LAE spectra used to construct a composite spectrum, a bootstrap spectrum is generated by constructing a bootstrap sample of size N = N obj (where spectra are drawn randomly with replacement) averaging them into a bootstrap composite spectrum using the same weighting and masking procedures described above. This process is repeated 300 times to construct an array of bootstrap composite spectra, and the uncertainty at each pixel is estimated from the standard deviation of bootstrap composite values at that pixel. In this way, the bootstrap uncertainties represent the combination of measurement uncertainties and the true variation of LAE spectra within each sample. These uncertainties are shown in Figs. 3 & 4 as a grey shaded region below each spectrum.
In Sec. 5, we discuss composite spectra for high-W Lyα and low-W Lyα subgroups of our LAE sample. These composites are constructed in a manner identical to the 4300 4400 4500 4600 4700 4800 4900 5000
Rest wavelength above, including the creation of their boostrap uncertainty vectors. The groups are split at the median photometric Lyα equivalent width of our sample; LAEs with W Lyα > 57Å contribute to the high-W Lyα composite spectrum (30 H-band spectra, 12 K-band), while the LAEs with W Lyα < 57Å contribute to the low-W Lyα composite spectrum (25 H-band, 16 K-band).
Fitting composite spectra
The composite spectra were fit using a set of gaussian line profiles and a linearly-varying continuum. λ5008. The gaussian line profiles are constrained to be centered on the vacuum wavelength λ rest of the associated transition (see Table 3 ), and all lines are constrained to have the same velocity width, but the amplitude of each emission line is fit independently. With a linear continuum component, there are a total of 8 free parameters in the fit. The results of the fit are displayed in Fig. 3 , and the fit line fluxes are given in Table 3 .
The K-band composite is fit in a similar manner, but with only 3 fit emission lines: [N II] λ6549, Hα, and [N II] λ6585, for a total of 6 free parameters in the fit. The results of this fit are also given in Fig. 4 and Table 3 .
Line flux uncertainties are estimated from the samples of bootstrap spectra. For each bootstrap spectrum, the emission lines and continuum level are fit as described above, where each free parameter in the full composite fit is allowed to vary for each bootstrap spectrum as well. For each bootstrap spectrum, the line fluxes and best-fit velocity width are measured. The 1σ uncertainty in the measurement of these parameters in the composite spectrum is then estimated from the distribution of values from the 300 bootstrap spectra; specifically, from the central interval including 68% of corresponding parameter values among the bootstrap spectra ( Table 3 ). Note that the actual uncertainty in our measurement of a given emission line in the composite spectrum is often significantly smaller than this value, but we present these uncertainties to reflect the range of values associated with a "typical" sample of similarly-selected LAEs.
In the same way, the uncertainty in the line ratios within a band (e.g., N2, O3; Table 4 ) are estimated by computing the corresponding line ratio for each bootstrap spectrum and measuring the size of the interval (Baldwin et al. 1981) with SDSS z ∼ 0 galaxies (gray, log density scaling) and KBSS LBGs ; black points and 2σ limits; cross in lower left shows typical errors). Yellow bar is the O3 measurement for the LAE H-band composite spectrum (Fig. 3) , and pink region is current 2σ limit on N2 from the K-band composite (Fig. 4) . Black hatches denote the combined constraints from both measurements, which show that the LAEs are consistent with the extreme high-ionization, low-metallicity tail of the LBG population. For comparison, the black line shows the "maximum starburst" curve from Kewley et al. (2001) .
encompassing 68% of the bootstrap line ratio measurements. Line fluxes and ratios are calculated in the same manner for the low-W Lyα and high-W Lyα composite spectra. Note that this this strategy must differ for crossband line ratios (e.g., Hα/Hβ), where a different number of individual spectra contribute to the bootstrap composite for each emission line (see Sec. 4.4 below).
In Sec. 4 below, we discuss the constraints inferred from the emission line ratio measurements and limits in these composite LAE spectra.
MEASUREMENTS FROM OPTICAL LINE RATIOS

N2-BPT constraints
The Baldwin et al. (1981) "BPT" diagrams provide a simple means of classifying the sources of ionizing radiation and physical gas properties in galaxies. In particular, the N2-BPT diagram compares the ratio log([O III] λ5008/Hβ) (hereafter, O3) to log([N II] λ6585/Hα) (hereafter, N2), which separate into two clear tracks for low-redshift galaxies. These emission lines also have the advantage of lying close to one another in wavelength, such that neither ratio is strongly affected by dust attenuation or cross-band calibration errors. Fig. 5 displays the N2-BPT diagram for local galaxies from the Sloan Digital Sky Survey (SDSS DR7; Abazajian et al. 2009 ) along with high-redshift measurements described below.
In the N2-BPT diagram, star-forming galaxies occupy the locus of objects at low N2, while AGN-dominated and composite objects form a "fan" that extends toward high O3 and N2. The star-forming locus is extremely tight, with 90% of star-forming galaxies falling within ±0.1 dex of the ridgeline (Kewley et al. 2013) . The small degree of scatter in this sequence suggests that the intensity and shape of the stellar ionizing fields and the properties of the ionized gas are tightly coupled by one or more physical properties that vary along the locus. In particular, these galaxies are known to follow a sequence in metallicity (Dopita et al. 2000) , with low-metallicity galaxies or H II regions exhibiting high O3 and low N2 (the upper left of the N2-BPT), while those with high metallicities occupy the lower right of the diagram.
As described in Sec. 1, however, recent surveys at higher redshifts indicate that typical galaxies at z ≈ 2−3 occupy a locus that is approximately as tight as that measured in the local Universe (Steidel et al. 2014 ), but offset toward higher O3 and/or N2 (Steidel et al. 2014; Masters et al. 2014; Shapley et al. 2015; Sanders et al. 2015; Masters et al. 2016; Strom et al. 2016) . Strom et al. (2016) use detailed studies of the nebular spectra of KBSS LBGs to determine that this offset primarily corresponds to high nebular excitation (i.e., a vertical shift in the N2-BPT plane) at a given stellar mass and gas-phase metallicity. The black points in Fig. 5 represent LBGs from the KBSS, as described by Strom et al. (2016) . Triangles represent 2σ upper limits on N2, and the cross in the lower left shows the median uncertainty of the points with detections. While measurement uncertainties contribute significantly to the observed scatter, the KBSS LBGs appear to roughly span the region between the SDSS locus and the black solid line, which denotes the "maximum starburst" limit from Kewley et al. (2001) .
The measurements from the LAE composite spectra are displayed as colored bands in the plot. The horizontal dashed line is the best-fit O3 measurement from the composite H-band spectrum in Fig. 3 , and the yellow region encompasses the 68% confidence interval on this value (accounting for the scatter among the combined spectra through the bootstrap procedure described in Sec. 3.2.1). The red band corresponds to the 2σ upper limit and confidence interval on N2 from the composite K-band spectrum in Fig. 4 . The average N2-BPT line ratios of our LAEs are thus localized to the far upper left corner of the plot, where the two regions overlap (the values of the line ratios and their uncertainties are given in Table 4 ).
Given the correspondence between the N2-BPT locus and nebular metallicity, typical LAEs appear to be similar to the lowest-metallicity LBGs in the KBSS sample. In fact, Erb et al. (2016) isolate the most extreme 5% of LBGs in the upper left of the N2-BPT plane 5 (effectively constructing a metallicity-selected sample of galaxies) and find that they occupy almost exactly the same region as that defined by our composite LAE constraints: O3 ≥ 0.75 and N2 ≤ −1.1. These "extreme" LBGs are found to have similar physical and spectroscopic properties to the low-redshift population of rare, compact, high-excitation galaxies known as "Green Peas" (Cardamone et al. 2009; Amorín et al. 2012; Jaskot & Oey 2013) , including high Lyα equivalent widths, Lyα escape fractions, and ionization states (O32; Table 2 & Sec. 5.2.2). In T15, we also showed that these Green Peas (as presented by Henry et al. 2015) show similar Lyα and kinematic properties to the KBSS-Lyα LAEs. Given that a 5 Three of these "extreme" LBGs were previously described by Steidel et al. (2014) . simple selection based on Lyα emission and continuum faintness apparently isolates the most extreme subset of objects with respect to z ≈ 0 galaxies and z ≈ 2 − 3 LBGs, it is worthwhile to consider the mechanisms by which the Lyα emission and nebular properties of these galaxies are related; we discuss this topic in depth in Sec. 5.
[O III] auroral line and gas temperature
The [O III] λ4364 transition is another emission line of particular interest for studies of star-forming galaxies. Because this auroral emission line corresponds to the transition from the second excited state to the first excited state, its measurement in combination with the nebular transition (from the first excited state to the ground state) provides a direct measure of the electronic level populations and thus the temperature of the O III gas 6 . As this temperature is set in part by metal-linedominated cooling in the ionized nebular regions, the auroral and nebular line measurements can also be converted into an estimate of the gas-phase metallicity 7 , often described as the "direct method" metallicity measurement.
The region of the H-band composite spectrum near the [O III] λ4364 auroral line is reproduced in more detail in Fig. 6 . As described above, each of the five lines in the H-band spectrum are fit simultaneously (along with the continuum) and constrained to have the same velocity width and redshift. These constraints significantly improve our ability to determine the [O III] λ4364 flux. In particular, the nearby Hγ emission line provides a valuable cross-check of the wavelength and flux calibrations at these wavelengths, which lie near the blue edge of the MOSFIRE H band.
8 Notably, the Hγ line 6 More precisely, this measurement provides the electron temperature T 3 in the region of the nebula where O III is the dominant ionization state of oxygen.
7 Specifically, the abundance of oxygen, which dominates the cooling of gas at the temperatures, densities, and metallicities typical of star-forming regions.
8 As discussed in Sec. 3.2.1, we mask out high-noise regions of the H band spectra at λ rest < 4400Å. This masking procedure is detected with high significance, the emission is centered at the proper rest-wavelength, and the measured flux is consistent with the expected Hγ/Hβ ratio under case-B recombination and E(B − V ) ≈ 0, as discussed in Sec. 4.4 below. For these reasons, we expect that the derived [O III] λ4364 flux is well-determined, despite the relatively marginal (2.8σ) detection of the peak.
The [O III] line fluxes are given in 
λ4364)/(4×λ4960) in our measurement, and we find R O3 = 2.0 ± 0.7%. We use the iterative procedure described by Izotov et al. (2006) (reproduced from Aller 1984) to determine the O III electron temperature T 3 , finding a converged value T 3 = 1.78 ± 0.33 × 10 4 K, where the uncertainty reflects the 1σ range of R O3 ratios measured in our bootstrap spectra.
4.3. Gas-phase metallicity estimates Given a measurement of the electron temperature, ionic abundances (and the "direct method" oxygen abundance) can be estimated via the ratios of additional metal-ion and hydrogen emission lines, as further discussed by Izotov et al. (2006 Strom et al. 2016) . For this reason, the contribution of O II to the total oxygen abundance is likely to be small among the highlyexcited LAEs, and we calculate an ionization correction based on a likely value of O32 = 0.7. The temperature of the O II zone of the H II region is typically lower than that of the O III zone, and the difference in temperature (the "T 2 − T 3 " relation) is typically found to be T 2 ≈ 0.7 × T 3 − 3000K by photoionization models (e.g., Campbell et al. 1986; Garnett 1992; Izotov et al. 2006; Pilyugin et al. 2009 ), consistent with recent direct observations of T 2 in H II regions of local star-forming galaxies (Brown et al. 2014; Berg et al. 2015) .
Under these assumptions, the inferred ionic O II abundance is 12 + log(O + /H + ) = 7.17 ± 0.19, where the uncertainty includes only the range of T 3 consistent with our bootstrap spectra. If the true O32 ratio for our LAE spectra is greater than the assumed value of 0.7, or if the O II temperature is higher than that predicted by our assumed T 2 − T 3 relation, then the contribution of O II to the total oxygen abundance is even smaller. Conversely, Andrews & Martini (2013) suggest that the improves the quality of our Hγ and [O III] λ4364 line fits, but does not change their inferred fluxes.
9 See also discussion in Steidel et al. (2014) , wherein we present Te measurements for three KBSS LBGs.
formula above overestimates T 2 by ∆T 2 ≈ 1300K; applying such a shift would increase our estimate of 12 + log(O + /H + ) to 7.28. Assuming that O III and O II are the dominant states of oxygen in the nebular regions (and likewise that the neutral fraction of hydrogen is negligible in these regions), the inferred "direct" oxygen abundance is thus the sum of the above ionic abundances, and we estimate a total oxygen abundance 12 + log(O/H) dir = 7.80±0.17 (Z neb ≈ 0.13Z ). As above, the uncertainty corresponds to the statistical uncertainty from our bootstrap measurements; for comparison, assuming O32 = 1.0 or using the Andrews & Martini (2013) T 2 calibration would shift our inferred oxygen abundance by −0.06 dex or +0.03 dex, respectively.
However, a larger source of systematic uncertainty may come from the tendency of collisionally-excited lines (CELs) including the O III lines discussed above to overestimate the volume-averaged electron temperature of a cloud. This effect may occur due to the temperature sensitivity of the emissivity of CELs, which causes any luminosity-weighted T e measurement to be biased toward the highest-temperature regions of the nebula. Such a bias may cause metallicity estimates from CELs to underestimate the metallicity relative to that inferred from recombination lines (RELs) and stellar spectra. This effect is seen in the detailed spectroscopic LBG study described by Steidel et al. (2016) , who find an offset between the nebular O/H abundance inferred from the [O III] "direct" method and that obtained through comprehensive modeling of the nebular and stellar spectra. Steidel et al. find an offset consistent with that measured from CELs and RELs in local low-metallicity dwarf galaxies by Esteban et al. (2014) :
In constrast, Bresolin et al. (2016) find a lowmetallicity REL-CEL offset of similar magnitude, but they suggest that CELs are more accurate than RELs by comparing both estimators to stellar metallicities collected from the literature. Given that the results of Steidel et al. (2016) appear to corraborate the Esteban et al. (2014) offset at z ≈ 2−3, we apply a +0.24 dex correction to our "direct" abundance measurement described above in order to determine our final estimate of the nebular gas-phase metallicity:
Z neb = 0.22
where the uncertainty reflects both the statistical uncertainties from our bootstrap analysis and the statistical uncertainty in the Esteban et al. (2014) calibration, but it does not include the systematic uncertainty in the application of the REL-CEL offset, nor those associated with the O II abundance discussed above. As described in Sec. 4.1, the O3 and N2 ratios are also often used as gas-phase metallicity indicators (the "strong-line" metallicity indicators N2 and O3N2, Table 2) through local calibrations to T e -based measurements. As discussed by Steidel et al. (2014 Steidel et al. ( , 2016 , these strong-line indicators are based on the adherence of starforming galaxies to their locus in the local N2-BPT plane, and thus require recalibration at high redshift, where this locus is offset toward higher values of nebular excitation. Lacking a direct calibration of these relationships at z ≈ 2, we use the recent calibration of O3N2 by Strom et al. (2016) , which is based on a local set of extragalactic H II regions from Pilyugin et al. (2012) . Using this relation, our best-fit measurement of O3, and our 2σ upper limit on N2, we obtain the following limit:
12 + log(O/H) O3N2,Strom16 < 8.17 (4) which is consistent with the corrected direct estimate in Eq. 2. For comparison, the widely-used N2 and O3N2 abundance calibrations by Pettini & Pagel (2004) also produce estimates consistent with our direct-method determination:
4.4. Balmer decrement and extinction measurements The above inferences are based on line ratios (O3, N2, R O3 ) that fall within a single MOSFIRE band. However, not all the LAEs in our sample have both H and K band detections, which means that cross-band line ratios (such as the Balmer decrement, Hα/Hβ) cannot be measured for the full sample of spectra. Eleven LAEs in our sample have >3σ detections of both Hα and Hβ. Among these spectra, the average ratio is Hα/Hβ = 2.92±0.45. The uncertainty is the 1σ error on the average estimated via a modified bootstrap technique similar to that described in Sec. 3.2.1 above, but modified so that the same randomized set LAEs contribute to each bootstrap sample of both Hα (in the K band) and Hβ (in the H band).
We estimate the average extinction from the Balmer decrement assuming a Cardelli et al. (1989) Milky-Way extinction curve and the tabulated intrinsic Hα/Hβ ratios from Brocklehurst (1971) . Typically, extinction measurements for high-redshift galaxies assume an electron temperature T e ≈ 10 4 K, corresponding to an intrinsic ratio Hα/Hβ = 2.89 10 . However, our measurement of the [O III] λ4364 line implies a somewhat higher value of T e ≈ 1.8×10
4 K, so we adopt the Balmer decrement value for T e = 2 × 10 4 K from Brocklehurst (1971) : Hα/Hβ = 2.74. Choosing the higher intrinsic ratio would decrease our inferred extinction by a small amount, as discussed below.
Under these assumptions, our Balmer decrement measurements correspond to a reddening, V -band extinction, and Hα extinction as follows: E(B − V ) = 0.06 ± 0.12 (7) A V = 0.20 ± 0.39 A Hα = 0.16 ± 0.32 .
Choosing an intrinsic ratio Hα/Hβ = 2.89 would imply E(B − V ) = 0.01 ± 0.12, consistent with the above measurement. For comparison, we also calculate the extinction inferred from the total H and K stacks using the uncorrected Hα and Hβ values from Table 3 (despite corresponding to different samples of LAEs) . From these values, we calculate a Balmer decrement Hα/Hβ = 3.37, or E(B − V ) = 0.2 under the assumptions above. This value is slightly higher than that inferred from the matched samples of detected Hα and Hβ lines, likely reflecting the fact that our current K-band spectra are shallower on average than those in the H band, such that bright Hα lines are over-represented in the full K stack. We therefore take the extinction inferred from the matched sample (Eq. 7) to best represent our full LAE population, and the dust-corrections used to derive LAE star-formation rates in Fig. 1 are based on this value.
THE NEBULAR ORIGINS OF Lyα EMISSION
In order to determine the physical properties of LAEs, it is important to understand the physical drivers of their most salient characteristic: strong Lyα emission. Toward this end, we here consider the relationship between the nebular properties described above and the Lyα emission of our LAE sample, as well as that of a comparison sample of LBGs from the KBSS (Steidel et al. 2014 Strom et al. 2016) . The KBSS and KBSS-Lyα represent the richest current sample of combined Lyα and rest-optical spectroscopy for star-forming galaxies at any redshift, so these surveys are a powerful tool for dissecting the physical differences between galaxies selected by Lyα emission and those selected by continuum brightness, while also establishing the variation in net Lyα emissivity with galaxy properties across the combined population of LAEs and LBGs.
5.1. The BPT-Lyα relation As discussed above in Sec. 4.1, the N2-BPT diagram provides a useful discriminant of the physical properties of ionized regions within a galaxy, which constrains the metallicity of both the gas itself and the sources of ionizing radiation, including properties of the stellar populations. Fig. 7 displays the N2-BPT line ratios of 336 KBSS galaxies with >5σ (>3σ, >3σ) detections of Hα (Hβ, [O III] λ5008) and spectroscopic measurements of their Lyα equivalent widths, W Lyα,spec . While there is considerable scatter in the nebular line ratios at a given value of W Lyα,spec , there is also a clear trend such that Lyα-emitting LBGs (W Lyα,spec > 0, blue points) have high values of O3 and low values of N2 (i.e., they lie in the upper-left region of the N2-BPT space), whereas Lyα absorbers (W Lyα,spec < 0, red points) preferentially occupy the opposite corner of parameter space. Objects with spectra indicating AGN activity (e.g., broad nebular emission lines and/or strong C IV or He II UV emission) are denoted by diamonds in the plot; these objects show high ratios of both O3 and N2 similar to the spectra of low-redshift AGN.
The region of the N2-BPT parameter space consistent with our composite LAE spectra 11 (as in Fig. 5 ) is displayed as the hatched region in Fig. 7 . The nebular line properties of the composite LAE spectra are generally 11 The central 68% confidence interval in O3 and the 2σ upper limit on N2 from our bootstrap analysis.
consistent with those of the KBSS LBGs with the highest values of W Lyα . Fig. 8 compares the composite LAE line ratios to analogous stacked measurements of subsamples of the KBSS LBGs, which are described in Table 4 . The KBSS subsamples are divided on the basis of W Lyα : Lyα-absorbers (W Lyα,spec < 0), weak Lyα-emitters (0 < W Lyα,spec < 20Å), and strong Lyα-emitters (W Lyα,spec > 20Å). For each subsample, all spectra are combined for which the MOSFIRE H and K spectra cover the rest-wavelengths of all 4 of the N2-BPT diagnostic lines: Hβ, [O III] λ5008, Hα, and [N II] λ6585. Objects spectroscopically identified as AGN (marked as diamonds in Fig. 7 ) are excluded from the stacks, leaving a total of 368 LBGs. In order to ensure that each object receives the same weighting in both the H and K composites while maximizing their S/N, both spectra for each object are weighted by the inverse-variance at the wavelength of the [N II] λ6585 line (generally the weakest of the N2-BPT diagnostic lines in this sample). The line ratios measured for each composite spectrum are listed in Table 4 and displayed in Fig. 8 . For comparison, the LAE composite measurements are plotted in Fig. 8 as a point at the best-fit value of O3 and the 1σ upper limit of N2, with error bars reflecting the 68% confidence interval on O3 and the 2σ upper limit of N2. The value of W Lyα,spec is measured for each LAE and LBG sample directly from the corresponding composite UV spectrum by comparing the measured Lyα line flux (without correcting for Lyα slit losses) to the UV continuum flux on the red side of the Lyα line, as is described for measurements of individual LBG spectra in Sec. 2.3.
As in Fig. 7 , Fig. 8 shows a clear trend between the value of W Lyα for a given subsample and its position in the N2-BPT plane. The composite measurements parallel the locus of SDSS N2-BPT measurements, albeit with an offset consistent with previous studies of high-redshift star-forming galaxies, as discussed above. Notably, our current limits on the typical properties of faint LAEs appear consistent with the trend seen in the LBG composites; the "BPT offset" of the full LAE composite measurement may be slightly greater than that of the KBSS composites, but the LAE measurement may actually be more consistent with the SDSS locus depending on the (currently unmeasured) typical LAE N2 ratio. Rather than investigating the source of this offset, we therefore consider what physical galaxy properties are changing along the locus of z ≈ 2 − 3 LAEs and LBGs that accompany or drive the variation in Lyα emissivity.
The highest-W Lyα objects and composite spectra in our sample are those that lie nearest to the lowmetallicity end of the SDSS galaxy locus (see discussion in Sec. 4.1). Given the correlation between gas-phase metallicity and dust content, this may suggest that our observed trend is a signature of the previously-studied tendency of LAEs to exhibit lower dust attenuation with respect to continuum-selected galaxies. In such a scenario, the variation in net Lyα emissivity along the N2-BPT locus (as parameterized by W Lyα ) is primarily a variation in the physics of Lyα escape, which is expected to depend sensitively on the distribution of gas and dust within the interstellar medium of the host galaxies.
However, Steidel et al. (2014) demonstrate that gas- . Blue points show Lyα in emission, while red points show Lyα in absorption. The sizes of the points correspond to the absolute value of W Lyα . Error bars in lower left correspond to the median 1σ uncertainties on the detected KBSS points. Blue diamonds in the upper right corner correspond to KBSS objects with spectroscopically-identified AGN emission (Steidel et al. 2014) . The black hatched region shows the confidence interval for the LAE stacks. Solid black line denotes the "maximum starburst" curve from Kewley et al. (2001) , while the dashed black line shows the Strom et al. (2016) KBSS locus. There is a general trend for high-W Lyα galaxies to occupy the upper left of the diagram (near the LAE sample), whereas low-W Lyα objects occupy the lower right. The physical origins of this trend are analyzed throughout Sec. 5. (Table 4) . Error bars correspond to the 1σ uncertainties from bootstrap resampling. In analogy to the other points, the LAE stacks are presented with a point at the best fit value of O3 and the 1σ limit on N2, with error bars indicating the 1σ uncertainty on O3 and the 2σ upper limit on N2. The solid black line denotes the "maximum starburst" curve from Kewley et al. (2001) phase metallicity has more minor effects on the position of individual galaxies within the locus of star-forming galaxies at z ≈ 2 − 3 compared to z ≈ 0. Rather, the primary determinants of the N2-BPT line ratios in LBGs galaxies appear to be the relative hardness of the incident radiation field and the effective ionization parameter n γ /n H , the dimensionless ratio of hydrogen-ionizing photons to hydrogen atoms within the ionized star-forming regions. This ionization parameter may also be expressed as the factor U ≡ Φ H /n H c, where n H is the number density of hydrogen atoms (including ionized, neutral, and molecular) in the star-forming regions and Φ H is the surface flux of H-ionizing photons incident on the illuminated face of the H II region, as defined by Osterbrock & Ferland (2006) . A recent, thorough discussion of the ionization parameter, its various definitions, and its observational constraints in the star-forming regions of z ≈ 2 − 3 galaxies is given by Sanders et al. (2016) . We refer to the ionization parameter as U in the sections that follow in order to compare our measurements to predictions from the Cloudy photoionization code (Ferland et al. 2013) , which explicitly defines U as described above, but we note that the physical interpretation of this ratio can become ambiguous when divorced from the specific plane-parallel or spherical ionization geometries assumed by photoionization models (as discussed by Steidel et al. 2014) .
LAEs LBGs
Crucially, the dependence of a galaxy's nebular line ratios on U and the radiation field hardness means that these ratios are strongly determined by the overall normalization and shape of the stellar radiation field at photon energies 1 Ryd < E γ 4 Ryd, which in turn means that the N2-BPT line ratios may be at least as sensitive to properties of the young stellar populations within the H II regions as to the intrinsic properties of the ionized gas. Specifically, Steidel et al. (2014) argue that the neb- ular line spectra of z ≈ 2 − 3 LBGs are best-explained by populations of hot massive stars, and Steidel et al. (2016) interpret combined deep rest-UV and nebular line spectra of these LBGs in light of binary evolution models in low-metallicity stellar populations, which naturally produce hotter, harder ionizing spectra than typical stellar models over long ( Myr) timescales as described in Sec. 1.
In the section below, we consider two possible modes by which the nebular spectra of these galaxies may be tied to Lyα emissivity: variation in the extinction of Lyα photons by interstellar dust (which may also appear as reddening in the nebular spectra), or variation in the Lyα production rate via recombination in ionized star-forming regions (which may produce changes in the observed nebular excitation).
Origin of the BPT-Lyα relation
Lyα emission vs. dust attenuation
We investigate the modulation of Lyα emissivity by dust by comparing the relationship between W Lyα and the nebular reddening E(B − V ) estimated from the Balmer decrement (as described in Sec. 4.4) for each of the KBSS LBG spectra and the LAE composites (including the low-W Lyα , high-W Lyα , and combined subsamples). The inferred nebular reddening and Lyα equivalent width for each LBG (from the set of 336 objects with full N2-BPT and Lyα line coverage) and LAE composite is shown in Fig. 9 . An association of high-W Lyα LBGs with low values of E(B − V ) is visible, although there are several LBGs with high values of both W Lyα and E(B − V ). A non-parametric Spearman rank-correlation test finds a weak negative correlation (ρ = −0.15) be-tween W Lyα and E(B − V ) for the LBG sample with moderate significance (p = 5×10 −3 ). Strom et al. (2016) find that some KBSS LBGs exhibit unphysical dustcorrected line ratios (e.g., in the R23-O32 plane) when corrections are applied based on low-S/N measurements of E(B−V ) neb , suggesting a limit of Hα/Hβ > 5σ for reliable estimates of the dust attenuation.
12 The 200 LBGs in the sample that meet this cut (including the uncertainty in the cross-band calibration) are circled in Fig. 9 ; they occupy a very similar distribution to the lower-S/N observations, with a comparable correlation (ρ = −0.21) and significance (p = 3 × 10 −3 ). The LAE composite spectra (black squares) appear to show a much stronger relationship with E(B −V ), but we have insufficient data to quantify this trend among the LAEs alone. Notably, however, the LAE W Lyα measurements are clearly inconsistent with the distribution of LBG points at similar values of E(B −V ): at fixed reddening, the LAE composites have significantly higher values of W Lyα than the LBG points. It appears, therefore, that a difference in dust attenuation is insufficient to explain either the variation of W Lyα among the KBSS LBG sample or the differences between the LAE and LBG populations.
Although it is expected that absorption by dust is the primary mechanism for the destruction of Lyα photons in galaxies, there have been previous observational indications that dust and Lyα emission can co-exist. While no previous sample of z ≈ 2 − 3 galaxies has had sufficient measurements of both rest-UV and rest-optical emission line spectra to quantify the relationship between W Lyα and nebular E(B − V ) in detail, studies of the broadband spectral energy distributions of LAEs have found galaxies exhibiting both strong Lyα emission and large inferred stellar E(B − V ) (Kornei et al. 2010 is actually a net absorber of Lyα photons in slit spectroscopy (median W Lyα,spec = −2.0Å)
13 . While neither E(B − V ) stars nor E(B − V ) neb is a perfect proxy for the attenuation of Lyα photons by dust, 12 Specifically, Strom et al. (2016) find that some low-S/N objects are scattered toward unphysically low O32 and high R23 values. In addition, there is a subset of objects with robust line detections for which the Hα/Hβ appears to overestimate E(B − V ), likely indicating cases where the Cardelli et al. (1989) extinction curve is inappropriate.
13 Note, however, that the escape of scattered Lyα photons at large galacto-centric radii can cause galaxies with net (spatiallyintegrated) Lyα emission to show net absorption in slit spectroscopy (Steidel et al. 2011 ). E(B − V ) neb has the advantage of tracing the attenuation of photons from the same star-forming regions where Lyα photons are expected to originate (rather than the diffuse interstellar dust distribution traversed by photons from spatially-extended populations of stars).
14 We suggest, therefore, that our observations are the strongest evidence yet that low dust content, while associated with Lyα escape, is neither necessary nor sufficient for producing strong Lyα emission in galaxy spectra. The trend in W Lyα with position on the N2-BPT diagram is there-fore unlikely to be a product of the association of gasphase metallicity with dust-to-gas ratio.
Lyα emission vs. nebular excitation
We now consider the second mode by which the nebular spectra of galaxies may be linked to their Lyα emission: the ionization and recombination processes within their star-forming regions. There are multiple reasons why the ionization and excitation states of gas in H II regions may be associated with Lyα emission. Stronger sources of ionizing photons (e.g., hotter populations of massive stars) will both increase the typical ionization state of their surrounding gas and result in a larger production rate of Lyα photons (as well as other products of recombination emission). Secondly, density-bounded H II regions (those in which the star-forming cloud becomes completely ionized) will be more transparent to escaping Lyα photons than those that are surrounded by thick shells of neutral gas. Similarly, such density-bounded H II regions may exhibit high average ionization ratios (e.g., O32; Table  2 ), as discussed in Sec. 7
We have not obtained measurements of the [O II] λλ3727,3729 emission-line doublet (which lies in the MOSFIRE J band at z ≈ 2.1 − 2.6) for our LAE sample, but we can investigate the trend between O32 and W Lyα in our comparison sample of KBSS spectra. Fig. 10 shows the O32 ratio for the subset of the N2-BPT LBG sample that also have a >3σ detection of [O II] λλ3727,3729 (275 objects; 82% of the objects included in the full N2-BPT sample). The O32 ratios have been dust-corrected assuming the E(B − V ) neb measurements described above and a Cardelli et al. (1989) extinction curve. As in Fig. 9 , circled points are those meeting a 5σ cut on the Hα/Hβ dust correction and MOSFIRE J-H cross-calibration.
Substantial scatter is present among the values of W Lyα at fixed O32, although a Spearman rankcorrelation test shows a much stronger trend (ρ = 0.39; p = 2 × 10 −11 ) than is seen in the W Lyα -E(B − V ) relationship. The objects with the most secure dust corrections and cross-band flux calibrations (175 objects) show a still stronger correlation (ρ = 0.45; p = 3 × 10 −10 ). The median W Lyα measurement among LBGs in the upper quartile of O32 (O32 > 0.46) is W Lyα = 8.5Å, indicating that these objects are net Lyα emitters (unlike the lowest quartile of LBGs in E(B − V )). Among the KBSS-LBG sample, it therefore appears that O32 is a better predictor of strong Lyα emission than E(B − V ).
While we cannot directly measure O32 for the LAE samples presented here, the O3 ratio is a related measure of the nebular excitation properties of galaxies. Although O3 is sensitive to the gas-phase oxygen abundance at very low metallicities (Z 0.2Z , Sec. 6), it is much more sensitive to the ionization parameter and hardness of the incident spectrum at more intermediate sub-solar metallicities typical of the KBSS LBGs (0.3Z Z 0.9Z ; Steidel et al. 2014 Steidel et al. , 2016 Strom et al. 2016) . Furthermore, the O32 and O3 ratios are closely correlated; the Spearman rank correlation between both values is ρ = 0.74 for the 175 KBSS LBGs with the highest-confidence dust-corrected O32 values. The O3 ratio also has the advantage of requiring no dust correction or cross-band calibration, as both lines lie near each other in the MOSFIRE H band at z ≈ 2 − 2.6. The O3 ratio is therefore a useful discriminant for comparing the excitation properties of the LBG and LAE samples and their variation with W Lyα , as is shown in Fig. 11 . A Spearman test among the 336 LBGs in the N2-BPT sample yields ρ = 0.39 and p = 10 −13 for the O3-W Lyα correlation, approximately as strong as the O32-W Lyα correlation. Furthermore, the KBSS galaxies with O3 > 0.82, consistent with the full LAE composite measurement, are typically strong Lyα emitters (median W Lyα = 14.6Å). In general, the LAEs have quite similar values of W Lyα to excitation-matched samples of KBSS LBGs, in contrast to the distribution of attenuation-matched LBGs in Fig. 9 . Similarly, there are very few Lyα-emitting KBSS LBGs with low O3 values, including only two objects with O3 < 0.5 and W Lyα > 14Å.
The substantial scatter in W Lyα at fixed excitation is not surprising, given the multiplicity of factors that govern Lyα escape. Nevertheless, it appears that the net Lyα emission that escapes star-forming galaxies at small galactic radii (that is, the Lyα emission to which slit spectroscopy is most sensitive) remains closely coupled to the properties of their ionized birthplaces despite the subsequent interactions of these photons with the surrounding interstellar and circumgalactic media.
PHOTOIONIZATION MODEL COMPARISON
Model parameters
The nebular spectra of star-forming galaxies are sensitive to a broad range of physical parameters, including the electron density n e , ionization parameter U , gasphase metallicity and elemental abundance patterns; the stellar metallicity and abundance patterns, ages, initialmass function (IMF), and evolutionary properties of the embedded stars; as well as the foreground extinction. Many of these properties can produce degenerate effects on galaxy spectra, particularly when only a few nebular lines are observed. Given that our current measurements are limited to the brightest lines in the H and K atmospheric windows, we use the trends established among the brighter LBG samples in Sec. 5.2 and the more detailed modeling presented by Steidel et al. (2016, hereafter S16) and Strom et al. (2016) to constrain the range of physically-motivated model parameters.
With this in mind, we run a grid of Cloudy 15 (Ferland et al. 2013 ) photoionization models over a range of physical gas parameters and sources of incident radiation consistent with these previous studies. We vary the ionization parameter U over the range −3 ≤ logU ≤ −1.5, where logU is varied in steps of ∆logU = 0.1. The gas-phase metallicity is varied over the range 0.1 ≤ Z neb /Z ≤ 1. However, this relationship is not intended to be applied at the lowest metallicities, where many surveys of local low-metallicity galaxies and H II regions have found that the N/O vs. O/H relation becomes flat, with log(N/O) ≈ −1.5 at low O/H. We therefore impose a minimum value of log(N/O) = −1.5, which applies at all inferred oxygen abundances less than 12 + log(O/H) = 8.26 (Z neb = 0.4Z).
We fix the electron density n e = 300 cm −3 as in S16, consistent with the measured electron densities from the KBSS and MOSDEF surveys (n e ≈ 200−360 cm −3 ; Steidel et al. 2014 Steidel et al. , 2016 Sanders et al. 2016; Strom et al. 2016) . While individual galaxy spectra in these surveys exhibit a wide range of n e , Strom et al. (2016) demonstrate that there is no trend between inferred n e and offset from the low-redshift N2-BPT locus, and we likewise find no correlation between inferred n e and stellar mass or Lyα equivalent width.
We perform our photoionization modeling using incident stellar radiation fields from the latest version of two spectral-synthesis codes: Starburst99 ) and BPASSv2 Stanway et al. 2016) , the latter of which includes explicit modelling of the effects of binary interactions on stellar evolution. Several models from each model suite are described in detail in S16. In that paper, deep rest-UV and rest-optical spectra are modeled simultaneously to constrain the properties of the stellar populations in KBSS LBGs, finding that the composite spectra require Z * 0.008 and are best fit by Z * = 0.001 − 0.002 (Z * /Z = 0.07 − 0.14). As in S16, we explicitly decouple the metallicity of our stellar models (Z * ) from the gas-phase metallicity input to the photoionization code (Z neb ); the physical rationale for this choice is dicussed below.
We adopt the best-fit Z * = 0.07Z BPASSv2 model from S16 as our fiducial stellar population, which is denoted as BPASSv2-z001-300bin in that paper. The model assumes a Salpeter (1955) IMF (power law index of −2.35) and a stellar mass range of 0.5 ≤ M * ≤ 300. For comparison, we also consider the Starburst99 model denoted as S99-v00-z001 in S16, which has the default Kroupa (2001) IMF 16 (power law index of −2.30) and a stellar mass range of 0.5 ≤ M * ≤ 100. We also consider models with Z * = 0.002 (Z * = 0.14Z ) 17 that are otherwise identical to the Z * = 0.001 models. All our stellar models assume a continuous star-formation history of 100 Myr. As noted in S16, these models do not change appreciably in the far-UV after a few ×10 7 years, which is approximately the central dynamical time of the KBSS-Lyα LAEs and thus the shortest likely timescale for galaxy-scale bursts of star formation in these systems.
As shown in S16, small differences in the IMF powerlaw index do not significantly affect the output nebular line ratios: increasing (flattening) the slope of the Starburst99 IMF from −2.3 to −2.0 or even −1.7 does not reproduce the high O3 and R23 ratios observed in the LBG composite spectrum by S16. Changing the uppermass cutoff of the IMF (i.e., from 100 M to 300 M ) does harden the EUV spectrum, although to a lesser extent than the inclusion of massive stellar binaries. Even the Starburst99 models from Leitherer et al. (2014) that include rapid stellar rotation do not produce the significant changes to the EUV spectral shape that are required to explain the nebular line ratios of the KBSS LBGs. In addition, models which exclude binary interactions (e.g., both the Starburst99 models and the BPASS non-binary models) do not generate He II λ1640 emission (which is seen in the S16 rest-UV LBG composite) in continuous star-formation over long (>10Myr) timescales. In fact, S16 find that the BPASSv2-z001-300bin model is the only spectrum considered that produces the full suite of observed rest-UV and rest-optical line measurements for the LBG stack. Nonetheless, in order to investigate the dependence of the inferred nebular LAE properties on the assumed stellar population, we consider both the Starburst99 and BPASSv2 models in our analysis.
Modeling the composite spectra
The Cloudy predictions for both the S99-v00-z*** models (hereafter "the S99 models") and the BPASSv2-z***-300bin models (hereafter "the BPASS models") in the N2-BPT plane are given in the top panels of Fig. 12 for a range of gas-phase metallicities and ionization parameters. Values of Z neb between grid points are interpolated using a cubic spline. For both stellar metallicities considered, the BPASS model produces higher average excitation (O3) values at fixed Z neb and U . Note that O3 increases with Z neb at low Z neb for all models up to a maximum at Z neb ≈ 0.4 and then decreases as Z neb is increased further. N2, however, increases monotonically with increasing Z neb .
The constraints on the typical LAE excitation are plotted as the shaded box in each panel (as above, we use the 68% confidence interval in O3 and the 2σ upper limit on N2). For the S99 models, only the highest ionization parameters are able to reproduce the best-fit LAE line ratios (particularly for Z * = 0.14Z models), while the BPASS stellar models are relatively insensitive to Z * and are able to reproduce the LAE measurements over a range of values of Z * , Z neb , and U .
The bottom panels of Fig. 12 show these constraints explicitly. In each panel, the red shaded region corresponds to the values of (U , Z neb ) that produce N2 and O3 ratios consistent with the LAE composite measurements using the BPASS stellar models. Similarly, the blue region corresponds to the range of allowed parameters assuming the S99 input stellar spectra. The blue and red dashed curves correspond to the values (U , Z neb ) that produce the best-fit value of O3 = 0.82 (Table 4) and are consistent with the upper limit on N2. As in the top panels, values are interpolated in between grid points using a cubic spline. Formally, values of Z neb Z are allowed for both of the Z * = 0.07Z stellar models, although the BPASS model cannot reproduce the best-fit observed O3 ratio and N2 limit with Z neb > 0.7. Stronger constraints on the N2 ratio are needed to cross-check the typical gas-phase metallicity (Z neb ≈ 0.2Z ) inferred from the [O III] λ4364 measurement in Sec. 4.2. However, we note that Z neb less than ∼0.2 would require extremely high values of the ionization parameter (logU −2.0). 
LAE BPASS constraints LAE S99 constraints LBG BPASS (S16) LBG S99 (S16) Grey hatched region denotes the measurement of O3 and 2σ limit on N2 from the full LAE composite spectra (Figs. 3 & 4) . Photoionization models are plotted as a function of Z neb for each value of U , with −3 ≤ logU ≤ −1.5 (with U increasing from the bottom to the top of the panel) and 0.01 ≤ Z neb /Z ≤ 1.0. Marker size increases with increasing metallicity, and Z neb < 0.1 is shown with a dashed line. (Bottom) Constraints on the gas-phase metallicity Z neb and ionization parameter U from the LAE composite spectra and the Cloudy models presented in the top panels. Red regions correspond to the parameters consistent with the LAE N2-BPT limits assuming a BPASS stellar population (with stellar metallicity as above), while the blue regions correspond to parameter constraints assuming a S99 stellar population. Dashed curves correspond to parameters that reproduce the best-fit measurement of O3 from the LAE composite spectrum. The horizontal dot-dash line corresponds to the gas-phase metallicity estimated via the auroral [O III] transition (Sec. 4.2), and the black box represents our best estimate of the LAE nebular and stellar parameters: (Z * , Z neb , logU ) = (0.07, 0.022, -2.1). The dashed line represents the gas-phase metallicity equal to the input stellar metallicity in each panel: it is evident that the two metallicities are difficult to reconcile assuming solar abundance patterns. Red circles (blue squares) represent the best-fit values of Z neb inferred for the LBG composite spectra by Steidel et al. (2016) using the same stellar BPASS (S99) model spectra, although the S99 models fail to reproduce other nebular ratios discussed in that paper. The LAE spectra require significantly enhanced ionization parameters with respect to the LBG samples.
Given that the galaxies in the LBG sample have luminosities and masses ∼10× larger than the typical LAEs, we find it likely that the LAEs have average stellar metallicities at least as low as the metallicity favored for the LBGs in S16 (Z * = 0.07Z ). Under this assumption, our LAE observations strongly favor values of Z neb significantly higher than the modeled stellar metallicities, similar to the effect seen in the S16 and Strom et al. (2016) LBG samples. As described in those works, this apparent discrepancy is likely a manifestation of the same non-solar abundance ratios in both the stars and gas. The shape of the model stellar spectrum is most strongly dependent on those elements that dominate the opacity of the stellar photosphere (i.e., iron), which are produced by Type Ia SNe at late times. Conversely, the nebular metallicity constraints are most sensitive to the species which dominate the cooling of the ∼10 4 K gas, dominated by oxygen that is released in the comparatively prompt Type II SNe. S16 and Strom et al. (2016) therefore argue that the apparent Z neb /Z * ratio should be interpreted as a non-solar O/Fe abundance ratio, and these discrepancies signify the α-enhancement of young galaxies and star-forming regions at high redshift. Our LAE measurements are consistent with this interpretation.
The ionization parameter of the gas has even stronger constraints from our LAE compsite spectra. Using the BPASS models, the best-fit O3 ratio can only be reproduced with logU > −2.4 (logU > −2.3) for Z * = 0.07Z (Z * = 0.14Z ). The dependence of the minimum value of U on stellar metallicity reflects the fact that the same nebular excitation can be achieved with a lower value of U (that is, fewer photons per hydrogen atom) for a harder incident spectrum. This effect is seen more strongly for the S99 models, which have significantly softer EUV spectra: the Z * = 0.07Z S99 model requires logU > −2.0 to reproduce the best-fit O3 value regardless of Z neb , and the Z * = 0.14Z S99 model requires logU > −1.65. If Z neb = 0.22Z is assumed, logU −1.7 is required. S16 infer tight constraints on both U and Z neb from their LBG composite spectra, and these values are also plotted on the bottom panels of Fig. 12 . The best-fit values (U , Z neb ) are shown as calculated using the same BPASS and S99 model spectra used for the LAE constraints in each plot. As described above, the S99 models provide a poor match for full set of line ratios in the S16 spectrum, but we note that the required ionization parameter for the LAE composite measured here is significantly higher than the best-fit value for the S16 LBG composite even if we remain agnostic as to the choice of stellar population model.
In Fig. 13 , we display similar constraints for the high-W Lyα and low-W Lyα LAE samples. Only the Z * = 0.07Z models are displayed, since the BPASS predictions change only slightly with Z * and the S99 models with Z * = 0.14Z struggle to reproduce the measurements from the full composite spectrum. The models in the left panel of Fig. 13 are the same as those presented in the first panel of Fig. 12 , but the hatched regions correspond to the constraints on N2 and O3 from the high-W Lyα and low-W Lyα LAE composite spectra (Table 4) . The low-W Lyα LAE subsample (green region in the left panel of Fig. 13 ) has lower average excitation, such that it can be reproduced by both BPASS and S99 stellar models with intermediate values of U . The constraints on Z neb and U for this sample are displayed in the center panel of Fig. 13 . The allowed range of ionization parameters shifts closer to the LBG values from S16 (the red circle and blue square in the same panel) compared to the values estimated from the full LAE stack. Similarly, the allowed range of U shifts even farther from the S16 measurements for the high-W Lyα sample. Only the most extreme S99 models are able to reproduce O3 line ratios consistent with the high-W Lyα constraints (yellow region in the left panel), and none of the S99 models reproduce the best-fit value for that sample. Even the BPASS models require extremely high ionization parameters (logU ≈ −2.0) to reproduce the bestfit value of O3 at W Lyα > 57Å, although values as low as logU ≈ −2.5 are allowed by the constraining region (which accounts for sample variance in the composite spectrum). Together with the low-W Lyα and full sample of LAEs, the constraints indicate that the characteristic nebular ionization parameter for a population of galaxies grows with the typical Lyα equivalent width among that population.
This trend can be seen more clearly in Fig. 14. Here, we show the minimum value of the ionization parameter U consistent with the best-fit O3 ratio for each of the LAE samples (marginalizing over the gas-phase metallicity) as a function of the median Lyα equivalent width W Lyα of that sample. For comparison, we also include the best-fit value of U from S16 with the measured value of W Lyα from the composite UV LBG spectrum. The minimum U inferred from both the BPASS and S99 Z * = 0.07Z models are shown as solid curves. We also include the variation in U assuming the nebular metallicity inferred from the REL-corrected direct method (Sec. 4.2) as dashed curves (although the true metallicity is likely to vary among the W Lyα subsamples). As in Figs. 12 & 13, the increase in U with W Lyα is clearly visible, as is the fact that the softer S99 models require higher values of U to reproduce the observational constraints. In fact, the deviation between the two stellar population models grows with W Lyα , indicating that Lyα-emitting populations may be particularly advantageous galaxy samples for discriminating among these stellar models. If the high-W Lyα LAEs have lower oxygen abundances than the intermediate and low-W Lyα samples, as might be expected from the BPT-W Lyα relation seen in the LBG sample (Fig. 7) , the slope of the U -W Lyα relation may be even steeper than displayed in Fig. 14, which has necessarily marginalized over this variation. Conversely, harder stellar spectra resulting from lower iron abundances among high-W Lyα LAEs could reduce the necessary value of U . Future observations that probe the ionization state of the gas with less dependence on metallicity (i.e., via O32 or [Ne III]/[O II]) and further cross-checks of the gas-phase oxygen abundance (e.g., from N2) will therefore provide more powerful tests of the physical properties of stars and their surrounding gaseous regions.
6.3. Low metallicity objects As shown in Figs. 12 & 13, the relationship between Z neb and O3 is double-valued, and its shape at 0.3 Z neb 0.9 makes it very difficult to constrain the gas- phase oxygen abundance from O3 measurements alone. However, at low values of Z neb , the relationship becomes much steeper, and the abundances of objects that can be assumed to occupy the low-Z neb or high-Z neb branches may be constrained much more easily. Fig. 2 shows that the O3 ratios of our individual LAEs exhibit a marked downturn at the lowest continuum luminosities. Based on the photoionization models dis- 14.-The ionization parameter U inferred from the composite spectrum of a given galaxy sample vs. the stacked spectroscopic equivalent width W Lyα,spec of that sample. Black points refer to the LBG measurements of Steidel et al. (2016) , while colored points correspond to the full, low-W Lyα , and high-W Lyα LAE samples presented in this paper. Circles and solid red lines indicate the minimum value of U (for any metallicity 0.01 ≤ Z neb /Z ≤ 1.0) consistent with N2 limits and the best-fit measurement of O3 as predicted by the BPASS stellar model. Squares and solid blue lines are the analogous curve for the S99 models, and a linear extrapolation is assumed for logU > −1.5. Dashed lines reflect the assumption of Z neb = 0.22Z for each LAE sample. In general, the differences between the S99 and BPASS models become more apparent as W Lyα increases. Fig. 2 . These values are converted to abundances (shown as triangles on the top and bottom axes) assuming the logU = −2.1 BPASS photoionization model (black curve). Grey curves show the full range of modeled ionization parameters; choosing a higher (lower) logU curve will yield a lower (higher) inferred oxygen abundance at fixed O3.
cussed above, these lower values of O3 could be explained by the faintest LAEs having 1) significantly higher stellar metallicities, 2) lower ionization parameters, and/or 3) lower gas-phase metallicities (i.e., oxygen abundance) compared to the typical LAEs in our sample.
Given the fact that the LAEs exhibit higher ionization parameters than the continuum-bright LBGs and seem to require similar (or lower) stellar metallicities, we suggest that the observed downturn is caused by low oxygen abundances among the faintest LAEs. This interpretation is supported by other arguments as well: Lyα-emitting galaxies that are faint at λ rest ≈ 1900 − 4500Å are likely to have low stellar masses and high specific star-formation rates, both qualities that correlate with low oxygen abundances in other galaxy samples. Finally, the shape of the Z neb −O3 relation would predict a sharp downturn, as O3 is fairly flat at Z neb 0.3 but decreases quickly for Z neb 0.2. As the typical inferred gas-phase metallicity of our LAE sample is Z neb ≈ 0.22Z , we would expect LAEs with below-average oxygen abundances to exhibit significantly lower values of O3.
We therefore interpret the O3 values of the faintest LAEs according to the following assumptions: they have ionization parameters at least as high as that inferred for the typical LAEs in our sample (logU ≈ −2.1) and have stellar populations similar to the BPASS Z * = 0.07Z models that match the LAE and LBG composite spectra discussed above. We also assume that each of these LAEs occupies the lower-metallicity track (Z neb < 0.4Z ) where the Z neb −O3 relation is double-valued (this assumption is discussed further below). Fig. 15 shows the oxygen abundances that are inferred for our 9 continuum-undetected LAEs with measured O3 ratios based on these assumptions. The measured O3 ratios are shown as arrows on the left axis, while the inferred oxygen abundances (nebular metallicities) are shown on the bottom (top) axis. As in Fig. 2 , black points are LAEs undetected in our ground-based continuum images (R > 27.3), while the red points are also undetected in deep HST images (m AB, F160W > 28.1). The Z neb −O3 curve with logU = −2.1 is shown in black (with points as in Figs. 12 & 13) , while the analogous curves for other ionization parameters are shown in grey.
The inferred oxygen abundances for the continuumundetected LAEs are in the range 12 + log(O/H) = 6.9 − 8.0, with six LAEs below 12 + log(O/H) = 7.4 (Z neb < 0.05Z ). Increasing the assumed ionization parameter would require even lower oxygen abundances to produce the observed values of O3. While some individual objects may have lower ionization parameters than that assumed, we suggest that it is unlikely that the average ionization parameter is significantly lower among these LAEs than the typical LAEs in our sample for the reasons discussed above. We have assumed each of our LAEs occupies the low-metallicity track of the Z neb −O3 curve; for all but two of the continuumundetected LAEs, the high-metallicity track would predict significantly super-solar average metallicities, which would be extremely suprising for galaxies that otherwise appear to be young, low-mass galaxies.
DISCUSSION
The above results indicate that our population of faint LAEs exhibit distinct physical properties with respect to the population of brighter, more massive, and more rapidly star-forming LBGs. In this section we compare these properties to those of other extreme, lowmass galaxy samples, arguing that galaxies selected via emission lines (including Lyα) are representative of the low-mass, low-luminosity population. We also discuss the mechanisms by which the nebular properties may be linked to galaxy mass and Lyα production and escape.
Comparison to other extreme high-z galaxy samples
As discussed in Sec. 1, some recent samples of galaxies selected by their extreme nebular emission lines show similar stellar masses and other properties to the KBSSLyα LAEs described here. The three "extreme" LBGs with T e measurements presented by Steidel et al. (2014) have M * = 10 9.4−9.7 , SFR = 30−60 M yr −1 , and O3 = 0.79−0.9. Maseda et al. (2013 Maseda et al. ( , 2014 ) present samples of 14 and 22 EELGs with median dynamical masses M dyn ≈ 10 9.1 M . This mass is ostensibly similar to that estimated for the KBSS-Lyα LAEs in T15 ( M dyn ≈ 10 8.9 M ), but Maseda et al. assume a geometric factor C ≡ r eff σ 2 /GM dyn = 3, while T15 assumes C = 5. A consistent choice of estimator would suggest that the Maseda et al. (2013 Maseda et al. ( , 2014 EELGs have dynamical masses ∼0.5 dex higher than the LAEs described here. Similarly, the median Maseda et al. (2014) SFR (9 M yr −1 inferred from SED fitting) is roughly double our median LAE SFR (5 M yr −1 from dust-corrected Hα). Masters et al. (2014) present an even higher-SFR sample of EELGs, with average SFR = 29 M .
Despite these differences, the EELG samples share many physical properties with the KBSS-Lyα LAEs, including low inferred metallicities. Maseda et al. (2014) calculate oxygen abundances for 7 EELGs from the direct T e method or strong-line indicators, finding 12 + log(O/H) = 7.45−8.25 and a median value of 7.90. Masters et al. (2014) find higher typical abundances via the N2 estimator for their EELG sample, with median 12 + log(O/H) = 8.34 and individual values ranging from 8.67 (roughly solar) to <7.82. Our derived T e metallicity is consistent with these median values within 1σ, although neither EELG sample utilizes the +0.24 dex correction we assume for our T e measurement (Sec. 4.2). If we neglect this factor for consistency, then our estimated oxygen abundance 12 + log(O/H) = 7.80±0.17 is lower than either EELG sample (but still consistent with the Maseda et al. 2014 median within 1σ). Similarly, our lowest-metallicity objects appear to be at least as low as the individual EELGs, with at least 5 LAEs in our sample having lower metallicities than the lowest EELGs according to our analysis in Sec. 6.3. Masters et al. (2014) observe a turnover in the R23-N2 plane at 12 + log(O/H) 8.4, mirroring the turnover seen in the O3 distribution of our faintest LAEs (Figs. 2 & 15) . Similarly, Henry et al. (2013) find a downturn in both R23 and O3 at M * 10 8.8 M in a sample of z ∼ 2 EELGs. This evidence suggests that both the typical and extreme metallicities observed in our LAE sample are at least as low as those measured by other emission-line selections, which is likely consistent with the lower masses and SFRs inferred for our sample, as well as their higher redshifts.
While galaxy selections based on line emission are effective at identifying low-mass, low-metallicity galaxies, it is important to consider whether all such galaxies are selected by this method; only ∼50% of L ∼ L * LBGs exhibit Lyα in emission (Shapley et al. 2003; Steidel et al. 2010) . A relatively unbiased selection of intrinsicallyfaint galaxies may be achieved through gravitational lensing, which has proven fruitful at selecting galaxies with L L * at z ≈ 1.5 − 3 (e.g., Alavi et al. 2014; Stark et al. 2014) . Stark et al. (2014) present 17 UV continuum selected gravitationally lensed galaxies with masses M * ≈ 2.0 × 10 6 − 1.4 × 10 9 M . While not selected based on line emission, these galaxies exhibit emission in many UV metal lines including N IV], O III], C IV, Si III], and C III]. Stark et al. (2014) find that Lyα emission closely tracks the emission of other highexcitation lines such as C III], as was previously seen by Shapley et al. (2003) . Furthermore, all 11 galaxies for which Lyα fell within the observed passband exhibited Lyα emission, with 10/11 galaxies having W Lyα 20Å. This result is consistent with recent work by Oyarzún et al. (2016) , who find that the fraction of Lyα emitters increases as galaxy mass decreases, with ∼86% of galaxies with 10 7.6 < M * /M ≤ 10 8.5 at 3 < z < 4.6 showing Lyα in emission with a typical equivalent width W Lyα ≈ 36Å. The high incidence of Lyα emission at low galaxy masses therefore suggests that our sample of faint LAEs is likely to be fairly representative of the total population of faint, low-mass, star-forming galaxies at z ≈ 2 − 3. Stark et al. (2014) also conducted photoionization modeling of the rest-UV emission lines in 4 galaxies from their sample. This subset has inferred stellar masses 10 7.46 ≤ M * /M ≤ 10 8.06 and oxygen abundances 7.29 ≤ 12 + log(O/H) ≤ 7.82 (0.04 ≤ Z/Z ≤ 0.13). These abundances are similar to those inferred for our faintest LAEs. Stark et al. (2014) find ionization parameters −2.16 ≤logU ≤ −1.84 using (single-star) stellar models from Bruzual & Charlot (2003) ; these values are similar to those inferred for our LAE sample using the S99 models. Based on our analysis in Sec. 6, we expect that Stark et al. (2014) would have inferred lower ionization parameters using stellar models including intrinsically-harder ionizing spectra similar to the BPASS models we employ here (discussed further in Sec. 7.2 below).
Finally, recent rest-optical galaxy photometry at z = 3 − 7 has indicated that extreme line emission is ubiquitous in the earliest galaxy populations (e.g., Stark et al. 2013; Schenker et al. 2013; Smit et al. 2014) . In particular, Smit et al. (2014) find that bright, lensed galaxies (M UV ≈ −20) at z ∼ 7 have typical rest-frame equivalent widths of EW([O III]+Hβ) > 637Å, including 4 extreme objects with EW ≈ 1500Å. The KBSS LAE composite has EW([O III]+Hβ) = 829Å, comparable to these high-z samples and significantly higher than the LM1 LBG composite from Steidel et al. (2016) , which has EW([O III]+Hβ) = 238Å. The 4 LAEs in our sample that are undetected in HST/WFC3 (Fig. 2) 1000−1700Å, which mirrors the extreme subsample of Smit et al. (2014) and further indicates the resemblance between the faintest galaxies at z ≈ 2 − 3 and their progenitors at the highest redshifts.
In summary, the KBSS-Lyα LAEs presented in this paper appear to have similar nebular properties to the faintest galaxies and most extreme line-emitters selected by other surveys at comparable redshifts (as well as the reionization epoch), although our sample is the first to include a large sample of rest-optical spectra of galaxies in this luminosity and redshift regime.
Origins of strong line emission in faint galaxies
We now turn our discussion to the physical interpretation of our observations: why is Lyα emission so strongly linked to the nebular line properties and continuum luminosities of galaxies?
The strong nebular line emission of faint galaxies is partially a result of the relationship between mass and 
0.07 Z * /Z 1.0 Fig. 16 .-Predicted W Lyα and O3 ratios from Cloudy photoionization models for BPASS (circles) and S99 (squares) model spectra of varying stellar metallicities (0.07Z ≤ Z * ≤ Z with symbol size increasing with Z * ). The predictions are computed for a fiducial nebular metallicity Z neb = 0.2Z and ionization parameter logU = −2.1. We plot multiple IMFs for each model, varying the upper mass cutoff for the BPASS models (M max * = 300M or 100M ) and the IMF slope for the S99 models (α = −2.3, −2.0, or −1.7). In all cases, the harder stellar spectra produce higher W Lyα and O3 ratios, providing a qualitative explanation for the BPT-Lyα relation and other nebular trends explored in this paper. Notably, however, the standard-IMF S99 models do not produce values of W Lyα consistent with typical LAE measurements. metallicity; as discussed above, the low metallicities of low-mass galaxies naturally produce strong emission in many high-excitation nebular lines. However, the connection between Lyα emission and the excitation state of nebular gas is less clear.
One natural explanation of this link may be the shape of the incident stellar spectra that drive the line emission from the nebular gas. Both high excitation (parameterized by the O3 ratio) and high W Lyα are indicators of an intrinsically hard incident spectrum. The intrinsic Lyα luminosity of an ionization-bounded H II region is approximately proportional to the total production of ionizing photons, so W Lyα is a measure of the ratio of ionizing to non-ionizing incident UV flux (modulo the subsequent scattering and absorption of the Lyα photons). Similarly, the O3 ratio is strongly dependent on the shape of the ionizing spectrum, which may be conceptualized as the ratio of ∼1−2 Ryd photons to ∼2−4 Ryd photons. Stellar populations that produce high numbers of ionizing photons to non-ionizing photons will typically also produce harder spectra within the hydrogen-ionizing band, which may generate the observed relation.
We provide an example of the above argument using photoionization models in Fig. 16 . For each of the stellar models, we consider a variety of stellar metallicities and IMF parameters, but the general relation remains the same: models that produce high O3 ratios likewise predict high intrinsic values of W Lyα . The trend is especially clear for the BPASS models, for which the stellar metallicity strongly modulates the total ionizing photon production ( Fig. 17) and thereby the secondary production of Lyα photons.
The parameter ξ ion is defined as the number of hydrogen-ionizing photons produced by a stellar population per unit UV luminosity (typically normalized at 1500Å). A value log(ξ ion /erg −1 Hz) = 25.2 has been Hz)
Fig. 17.-Predicted ξ ion ratios for the same BPASS and S99 model spectra presented in Fig. 16 . The same low-metallicity stellar models that produce acceptable fits to the N2-BPT and W Lyα constraints (i.e., the BPASS models) likewise predict ξ ion ratios significantly higher than the "canonical" values assumed by typical models of reionization (e.g., Robertson et al. 2015 ; dashed line at log(ξ ion /[erg −1 Hz]) = 25.2). These stellar models therefore naturally produce high ionization parameters and reduce the requirements for ubiquitously high LyC escape fractions among primeval galaxies.
assumed by recent work modeling reionization (e.g., Robertson et al. 2013 Robertson et al. , 2015 , which is appropriate for a single-star population with a typical IMF in steady-state (e.g., the α = 2.3 S99 model in Fig. 17) . The BPASS models produce much higher values of ξ ion at low metallicity, even with the the same IMF (M max * = 100M ). Because reionization constraints impose a requirement on the total galactic emission of ionizing photons, which is proportional to ξ ion × f esc,LyC , these models therefore reduce the global LyC escape fraction required to reionize the Universe (e.g., Ma et al. 2016) .
In addition, these high values of ξ ion also provide a natural explanation for the high ionization parameters inferred for our LAE sample. At fixed gas density, the ionization parameter U is proportional to the number density of ionizing photons 18 . While the expected value of U in high-z H II regions may not be obvious a priori, a variation of ∼0.7 dex (as appears to be present between the LBG and LAE samples; Fig. 12 ) would be extremely difficult to explain without a significant difference in ξ ion between the two populations. While a very young stellar population age could elevate ξ ion in individual galaxies, our measurements of high U for a large sample of LAEs-and their correspondence to typical galaxies in their mass and luminosity range, as argued above-suggests that these faint galaxies efficiently produce large numbers of ionizing photons in steady state.
The strong dependence of ξ ion on Z * among the BPASS models provides an alternative mechanism to modulate the ionization parameter. Sanders et al. (2016) identify an anti-correlation between gas-phase metallicity and U among continuum-selected galaxies from the MOSDEF survey. The similar trend seen here among the KBSS LAEs and LBGs which may indicate that the effect of metallicity on the hardness of the stellar spectra drives the large observed variation in U with galaxy luminosity. 
O32
density bounded ionization bounded Fig. 18 .-Predicted O32 ratios from Cloudy photoionization models for a plane-parallel slab of gas with varying total optical depth at the Lyman limit (τ 912 ). Incident radiation field is that of the BPASS Z * = 0.07Z model, with logU = −2.1 and Z neb = 0.2 as in the preceding figures. Optically thin (that is, densitybounded; τ 912 1) ionized regions are characterized by elevated O32 ratios. Fig. 18 . Optically-thin ionized regions produce little Lyα emission, which peaks at column densities of H I that are moderately optically thick to ionizing photons. Note that the Cloudy photonization code is not optimized to reproduce the behavior of W Lyα at the highest values of τ 912 , where Lyα transmission is dominated by resonant scattering in a dusty medium. studies of EoR galaxies because they produce large local escape fractions of ionizing photons (and potentially of Lyα photons, although Lyα production may be suppressed; Fig. 19 ). There are observational indications that galaxies with high O32 ratios are more likely to leak ionizing (LyC) photons: several recently-discovered LyC leakers at low-redshift (Izotov et al. 2016a,b) show high ionization states (O32 > 0.6). However, these galaxies were selected as likely LyC emitters based on these same nebular line ratios, and other low-z LyC leakers show smaller values of O32 (Leitet et al. 2013; Borthakur et al. 2014; Leitherer et al. 2016) . At z ∼ 3, two confirmed LyC leakers are known: Ion2 and Q1549-C25 ). Ion2 was selected based on broadband continuum colors according to the method of Vanzella et al. (2015) Given the diversity of known LyC-leakers, is unclear that real high-z density-bounded H II regions must necessarily have high O32 ratios. Harder ionizing photons have smaller ionization cross-sections and longer mean free paths than lower-energy photons, which could cause H II regions to become hotter and more highly ionized at large radii. This effect may be stronger at high redshift, where we have argued that low-metallicity stellar populations are likely to produce hard ionizing spectra. In addition, any dominance of low-ionization species within ionization fronts of individual H II regions need not translate to a low O32 ratio in the luminosity-weighted, galaxyaveraged observations conducted for distant galaxies.
Furthermore, Lyα production is extremely weak in H II regions with uniformly low gas column densities (Fig. 19) . In more realistic simulations of Lyα production and escape in a clumpy, multi-phase ISM, Dijkstra et al. (2016) find that both ionizing and Lyα photons escape through low-column-density sightlines, in agreement with observational indicators that a patchy distribution of gas is required for efficient photon escape. In T15, we found that the escape fraction of Lyα photons was significantly related to a galaxy's covering fraction of neutral (or low-ionization) gas. Similarly, the low-z LyC leaker discovered by Borthakur et al. (2014) has a very low value of O32 = −0.5, but also exhibits a low covering fraction of low-ionization gas. Photons may also be scattered or extinguished far from their original H II regions; Steidel et al. (2011) found that star-forming galaxies emit Lyα radiation at large radii even when they appear to be Lyα absorbers in slit spectroscopy. However, the galaxies with high spatially-integrated values of W Lyα are those with centrally-concentrated Lyα emission, suggesting that the bulk of Lyα (and potentially LyC) absorption occurs at small galactocentric radii.
Together, these observations indicate that the distribution of H I gas on many spatial scales plays a strong role in scattering and extinguishing Lyman radiation, a fact which likely produces much of the scatter in the relationships between W Lyα and nebular properties explored in Secs. 5−6. Nonetheless, both the nebular properties of the KBSS-Lyα LAEs and their neutral gas distributions presented in T15 indicate that they are strong candidates for Lyman-continuum leakage and ideal analogs of EoR galaxies.
CONCLUSIONS
In this paper, we have shown that the Lyα-emitting properties of galaxies (including 60 faint LAEs and 368 brighter LBGs) are closely linked to the properties of their embedded star-forming regions, as probed by restoptical and rest-UV spectroscopy. This sample of galaxies from the KBSS and KBSS-Lyα represents the largest set of combined Lyα and nebular-line spectroscopy of galaxies at any redshift and spans a large range of galaxy properties, including luminosities, SFRs, masses, extinctions, ionization states, and net Lyα emission.
By constructing composite spectra from our LAE sample, we also set new constraints on the physical properties of L ≈ 0.1L * galaxies at z ≈ 2 − 3. The primary conclusions of this work are summarized below: 4. Across a broad range of LBG and LAE Lyα emissivities, the locations of galaxies in the N2-BPT plane vary systematically with Lyα equivalent width. We find that the variation of dust attenuation with metallicity plays a minor role in this relation, but the ionization and excitation state of the star-forming regions are much more strongly correlated with the net Lyα emission. In particular, the photoionization models of the LAEs require ionization parameters logU ≈ −2.1 for typical LAEs, 0.7 dex higher than typical LBGs.
Figs. 7−14; Sec. 5
5. The rest-frame optical spectra of the KBSS-Lyα LAEs indicate stellar populations that produce harder spectra than typical stellar population models. Successful stellar models include those with very low stellar metallicities (which are consistent with the low Fe/O abundances reported elsewhere), and those that include the effects of binary interaction on the evolution of massive stars. In particular, we are unable to reproduce the properties of the highest-W Lyα LAEs except with stellar models that include binary evolution.
Figs. 12−14; Sec. 6
6. In general, the nebular properties of faint LAEs at z ≈ 2 − 3 indicate the production and escape of large numbers of ionizing photons, which we argue is typical of low-luminosity galaxies at high redshift. Combined with our previous work indicating the low covering fraction of neutral gas around these faint galaxies, we suggest that analogous galaxies at z 6 may be more effective at reionizing the Universe than is typically assumed in current models. Figs. 16−19 ; Sec. 7
Future work will include measuring additional global properties of these galaxies, including the variation of nebular excitation and Lyα production with the physical sizes, masses, and star-formation rates of individual LAEs. Additional indicators of the nebular properties (including ionization state and strong-line metallicity indicators) will provide valuable cross-checks of the measurements inferred here. In a few years, JWST will be able to obtain similar spectra of L ∼ 0.1L * galaxies without being limited by ground-based atmospheric windows, facilitating further analysis of the variation of these galaxy properties across populations and redshifts.
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